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ABSTRACT

Nipah virus (NiV) and Hendra virus (HeV) are closely related henipaviruses of the Paramyxovirinae. Spillover from their fruit bat
reservoirs can cause severe disease in humans and livestock. Despite their high sequence similarity, NiV and HeV exhibit appar-
ent differences in receptor and tissue tropism, envelope-mediated fusogenicity, replicative fitness, and other pathophysiologic
manifestations. To investigate the molecular basis for these differences, we first established a highly efficient reverse genetics
system that increased rescue titers by >3 log units, which offset the difficulty of generating multiple recombinants under con-
straining biosafety level 4 (BSL-4) conditions. We then replaced, singly and in combination, the matrix (M), fusion (F), and at-
tachment glycoprotein (G) genes in mCherry-expressing recombinant NiV (rNiV) with their HeV counterparts. These chimeric
but isogenic rNiVs replicated well in primary human endothelial and neuronal cells, indicating efficient heterotypic complemen-
tation. The determinants of budding efficiency, fusogenicity, and replicative fitness were dissociable: HeV-M budded more effi-
ciently than NiV-M, accounting for the higher replicative titers of HeV-M-bearing chimeras at early times, while the enhanced
fusogenicity of NiV-G-bearing chimeras did not correlate with increased replicative fitness. Furthermore, to facilitate spatiotem-
poral studies on henipavirus pathogenesis, we generated a firefly luciferase-expressing NiV and monitored virus replication and
spread in infected interferon alpha/beta receptor knockout mice via bioluminescence imaging. While intraperitoneal inocula-
tion resulted in neuroinvasion following systemic spread and replication in the respiratory tract, intranasal inoculation resulted
in confined spread to regions corresponding to olfactory bulbs and salivary glands before subsequent neuroinvasion. This opti-
mized henipavirus reverse genetics system will facilitate future investigations into the growing numbers of novel henipavirus-
like viruses.

IMPORTANCE

Nipah virus (NiV) and Hendra virus (HeV) are recently emergent zoonotic and highly lethal pathogens with pandemic potential.
Although differences have been observed between NiV and HeV replication and pathogenesis, the molecular basis for these dif-
ferences has not been examined. In this study, we established a highly efficient system to reverse engineer changes into replica-
tion-competent NiV and HeV, which facilitated the generation of reporter-expressing viruses and recombinant NiV-HeV chime-
ras with substitutions in the genes responsible for viral exit (the M gene, critical for assembly and budding) and viral entry (the G
[attachment] and F [fusion] genes). These chimeras revealed differences in the budding and fusogenic properties of the M and G
proteins, respectively, which help explain previously observed differences between NiV and HeV. Finally, to facilitate future in
vivo studies, we monitored the replication and spread of a bioluminescent reporter-expressing NiV in susceptible mice; this is
the first time such in vivo imaging has been performed under BSL-4 conditions.

Nipah virus (NiV) and the closely related Hendra virus (HeV)
are recently emergent, highly pathogenic paramyxoviruses

that have the ability to cause severe and often fatal infections in
humans and livestock, with clinical manifestations including
acute febrile encephalitis and pulmonary syndromes. NiV has
caused hundreds of cases in recurrent outbreaks in Southeast Asia,
with high case fatality rates (ranging from 40 to 100%) (1), and 4
of 7 documented cases of HeV in Australia were fatal (2). These
zoonotic viruses have repeatedly spilled over from their animal
reservoir, Pteropus sp. fruit bats, either directly (i.e., through con-
sumption of raw date palm sap contaminated with NiV-contain-
ing fluids) or via a domestic-animal intermediate (i.e., pigs for

NiV, or horses for HeV) (3). Because of their extreme pathogenic-
ity and the absence of licensed human vaccines and antiviral ther-
apeutics, the handling of henipaviruses is restricted to high-con-
tainment biosafety level 4 (BSL-4) laboratories.

Until recently, NiV and HeV were the sole known members of
the Henipavirus genus within the Paramyxoviridae, a family of
RNA viruses with negative-sense, nonsegmented genomes. In the
past 2 years, examination of bats within and beyond the Pteropus
genus has uncovered a multitude of previously undescribed heni-
paviruses of unknown virulence and implications for human
health (4–7). The more widespread prevalence of henipaviruses
and the documented human-to-human transmission of some

1242 jvi.asm.org January 2015 Volume 89 Number 2Journal of Virology

http://jvi.asm.org


strains (8–10), along with recent evidence of potential henipavi-
rus-like spillover events in Africa (11), suggest that increased
global surveillance efforts directed at detecting henipavirus spill-
over events are warranted. Indeed, pandemic potential has been
proposed for NiV (12). These findings underscore the urgency of
understanding the molecular determinants of henipavirus patho-
genesis and transmission.

NiV and HeV infections cause similar disease symptoms and
pathology; it appears that virus transmitted through the oronasal-
oropharyngeal routes leads to systemic infection that results in
end-organ vasculitis, respiratory distress, and acute encephalitis
(13). Both viruses use the highly conserved ephrin-B2 and -B3
receptor tyrosine kinases as host cell entry receptors, which ex-
plains their common preferential tropism for the vascular endo-
thelium, lungs, and brain, all of which express high levels of cellu-
lar receptors (14). Although the paucity of known human cases of
HeV infection makes it difficult to compare NiV and HeV, case
histories suggest that HeV is difficult to contract, despite extensive
exposure to infected aerosols and fluids from sick horses (3, 15). In
contrast, the history of NiV outbreaks in Southeast Asia suggests
that NiV may be easier to contract than HeV, and human-to-
human transmission is clearly documented in Bangladesh as well
(reviewed in reference 3).

Although NiV and HeV present grossly similar outcomes in
human cases and established animal models (13, 16, 17), the few
studies that have directly compared NiV and HeV replication and
pathogenesis in vitro and in vivo have shown significant but vari-
able differences (18–20) depending on the animal model used.

In the Syrian golden hamster model, intranasal (i.n.) inocula-
tion revealed that HeV infection was restricted to the lower air-
ways, whereas NiV could also replicate in the upper respiratory
tract (19). However, HeV infection induced lesions and dissemi-
nated more quickly than NiV, leading to faster progression of
encephalitic disease. Interestingly, some strains of aged immuno-
competent mice also appeared to be more susceptible to HeV-
induced encephalitis, whereas NiV infection resulted in only lim-
ited subclinical infection of the lungs (21, 22). In contrast,
interferon alpha/beta receptor knockout (IFNAR KO) mice did
not develop clinical signs of disease upon i.n. inoculation with
HeV, although they were clearly susceptible to NiV infection via
the same route (20). The IFNAR KO mouse results suggest that the
anti-innate immune functions of the phosphoprotein gene and its
associated alternative gene products cannot account for the differ-

ential pathology caused by HeV and NiV. Instead, differences in
the matrix, fusion, and attachment proteins that can influence
viral replication, tissue tropism, and the efficiency of viral entry
might play a role in the pathogenic differences between HeV and
NiV. Indeed, HeV may not use ephrin-B2 and/or ephrin-B3 as
efficiently as NiV (23, 24). However, these putative differences
attributable to the envelope attachment glycoprotein have not
been appropriately examined in the context of a replication-com-
petent virus.

To identify the molecular determinants contributing to the
differences in pathobiology between NiV and HeV, we used re-
verse genetics to engineer chimeric NiVs in which the matrix and
surface envelope genes were replaced by their HeV counterparts,
either singly or in combination. To construct such a large panel of
chimeras, we first took steps to improve the robustness and effi-
ciency of viral rescue, critical considerations for work performed
under BSL-4 conditions. A combination of technical strategies
allowed for a pure transfection protocol that resulted in a 3-log-
unit increase in viral rescue titers. We used this improved system
to rescue recombinant NiV (Malaysia strain), HeV (prototype
strain), and a panel of isogenic chimeras, each expressing an
mCherry reporter. In vitro characterization revealed previously
unknown differences in the budding and fusion properties of the
henipavirus matrix protein and envelope glycoproteins, respec-
tively. Finally, we also engineered a recombinant NiV expressing
firefly luciferase (Fluc), which is suitable for in vivo biolumines-
cence imaging. Using the recently published IFNAR KO mouse
model, we were able to monitor incipient and ongoing viral spread
in vivo.

MATERIALS AND METHODS
Cells and viruses. Vero E6 cells (CRL1586; ATCC), Vero cells (CCL-81;
ATCC), permissive HeLa cells (CCL-2; ATCC), 293T cells, and BSR-T7
cells (25) were propagated in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Invitrogen) supplemented with 10% fetal bovine serum
(FBS; Sigma), 100 U/ml penicillin (Sigma), 100 �g/ml streptomycin
(Sigma) and 1% sodium pyruvate (Cellgro). BSR-T7 cells were also main-
tained in 1 mg/ml G418. Virus-infected cells were maintained at 37°C
under 5% CO2 in DMEM supplemented with 2% FBS, 100 U/ml penicil-
lin, and 100 �g/ml streptomycin. Human umbilical vein endothelial cells
(HUVECs; Lonza) were maintained in EGM-2-MV medium (Lonza) sup-
plemented with 2% FBS, hydrocortisone, human epidermal growth fac-
tor, gentamicin, amphotericin B, vascular endothelial growth factor,
human fibroblast growth factor, fibroblast growth factor basic, R3 insu-
lin-like growth factor 1, ascorbic acid, and heparin, provided through the
EGM-2 BulletKit. For human fetal brain neural stem cells (NSCs), the
K048 cell line (generously provided by C. N. Svendsen) was utilized as
described previously (26).

Nipah virus (199901924 Malaysia prototype strain) was kindly pro-
vided by the Special Pathogens Branch (Centers for Disease Control and
Prevention, Atlanta, GA, USA), and Hendra virus (prototype strain) was
kindly provided by the Special Pathogens Program, National Microbiol-
ogy Laboratory, Canadian Science Centre for Human and Animal Health
(Winnipeg, Canada). The Nipah virus used in this study had been pas-
saged a total of six times in Vero cells, and the Hendra virus was passaged
four times in Vero cells. Viral stocks were prepared by infecting Vero E6
cells. For titrations, confluent monolayers of Vero cells were infected with
100 �l of serial 10-fold dilutions of virus-containing cell supernatant.
After 1 h of incubation at 37°C under 5% CO2, the inocula were removed,
and wells were overlaid with a mixture of one part 1.0% methylcellulose
(Fisher Scientific) and one part 2� MEM (Gibco) supplemented with 2%
FBS and 2% penicillin-streptomycin. The plates were incubated at 37°C
under 5% CO2 for 3 days and were then stained with 0.25% crystal violet
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in 10% buffered formalin. Plates were washed, plaques enumerated, and
viral titers (PFU/ml) in the cell culture supernatant calculated. All work
with live virus was carried out under biosafety level 4 conditions in the
Robert E. Shope Laboratory and the Galveston National Laboratory at the
University of Texas Medical Branch (UTMB).

Ribozyme cleavage assay. Ribozyme test constructs (see Fig. 1B), in-
serted between the NdeI and HindIII sites in pcDNA3.1(�), were trans-
fected into BSR-T7 cells in a 6-well format using Lipofectamine 2000
(Invitrogen). The hammerhead ribozyme (HHrbz) sequences tested were
derived and modified from a number of publications (27–32) as indicated
in Fig. 1A. Two hours posttransfection, cells were collected in TRIzol
(Invitrogen), and RNA was extracted according to the manufacturer’s
instructions. Samples were treated with DNase (Invitrogen) at 1 mM
MgCl2, treated with EDTA, and then reverse transcribed at 1 mM MgCl2
with the SuperScript III First-Strand Synthesis system (Invitrogen).
Quantitative PCR (qPCR) was performed with the SensiFAST SYBR &
Fluorescein kit (Bioline), and the primers used were positioned as indi-
cated in Fig. 1B (sequences are available on request). Standard curves were
generated by using the RbzA test construct as the template.

Construction of rNiVRbzA-mCherry-P2A-M. A list of the constructs
in this study, with explanations of the nomenclature, is provided in Table
1. A T7-driven positive-sense NiV “minigenome,” between the NdeI and
HindIII restriction sites in pcDNA3.1(�), was previously synthesized
with the following elements: T7 promoter, 3= leader, N 5= untranslated
region (UTR), red fluorescent protein (RFP), N 3=UTR, M 5=UTR, M, M
3=UTR, F 5=UTR, F, F 3=UTR, G 5=UTR, G, G 3=UTR, 5= trailer, hepatitis
delta virus (HDV) ribozyme, and T7 terminator. NiV-N, -P, and -L were
amplified from the pTM1-based accessory plasmids described previously
(33). The P and L 5= and 3= UTRs were synthesized by GenScript. The
full-length construct displayed in Fig. 2A was assembled by serial modifi-
cation of the original minigenome construct by use of overlapping PCRs
to join DNA fragments with Velocity DNA polymerase (Bioline), with
subsequent insertion into the construct at unique restriction sites by re-
striction digestion/ligation or In-Fusion cloning (Clontech). All cloning
was performed with Escherichia coli Stbl2 (Invitrogen) with growth at
30°C. The NiV sequence matches NCBI accession no. NC_002728.1 ex-
cept for one silent mutation in N, A649G (numbered according to the
position in the NCBI sequence).

Subsequent modifications to rNiV. All mutagenesis and modification
were performed using standard overlapping PCR with Velocity DNA
polymerase (Bioline); the ends of the final DNA product were compatible
with the use of In-Fusion cloning (Clontech) for insertion into the desired
restriction sites in recombinant NiV (rNiV). Existing restriction sites were
sufficient; it was not necessary to introduce artificial restriction sites (ex-
cept for a single introduced site usually flanking the 3= end of the reporter
gene for cloning convenience). Insertion into digested rNiV was per-
formed by restriction digestion/ligation or In-Fusion cloning (Clontech).
The ligation or In-Fusion reaction product was transformed into Stbl2
cells (Invitrogen) and was selected on LB ampicillin at 30°C overnight.
Clones were grown in Terrific broth (TB) ampicillin at 30°C, screened by
restriction digestion, and fully sequenced. For the construction of the
rNiV-HeV chimeras, the HeV-M, -F, and -G open reading frames (ORFs)
were amplified from HeV cDNA (see below) and were used to replace the
corresponding NiV genes in rNiVRbzA-mCherry-P2A-M in various com-
binations (see Fig. 2A). For the construction of rNiV-EGFPNP and rNiV-
FlucNP, the enhanced green fluorescent protein (EGFP) and firefly lucif-
erase (Fluc) ORFs were inserted between the N and P genes, with
duplication of the N-to-P intergenic region.

Construction of rHeVRbzA-mCherry-P2A-M. Positive-sense cDNA
was amplified from HeV prototype strain (GenBank accession no.
AF017149) RNA using the AccuScript High Fidelity 1st Strand cDNA
synthesis kit (Agilent). DNA fragments were amplified from cDNA using
Velocity DNA polymerase (Bioline) and were cloned into rNiVRbzA-
mCherry-P2A-M-(HeV-M/F/G) by serial replacement, first between
MluI and NotI, then between NotI and AgeI, and finally, with simultane-
ous insertion of two fragments, between AgeI and PmeI using In-Fusion
cloning (Clontech). The HHrbz sequence in stem I designed to anneal to
the NiV 3= leader, TTGGT, was mutated to TCGGT so as to match the
HeV 3= leader. For the support plasmids, HeV-N, -P, and -L were cloned
into pTM1 as described previously for NiV (33), with the two C ORF start
codons mutated in P (from ATGATG to ACGACG) to prevent potential
inhibition of rescue (34).

Recovery of recombinant viruses from cDNA. The procedure for the
recovery of recombinant viruses was slightly modified from previously
described protocols (35, 36). 293T cells were seeded into 12-well plates
(1.5 � 105 cells per well). Cells were transfected the following day with the

TABLE 1 Henipavirus reverse genetics constructs

Name of antigenomic construct Abbreviated name Descriptive nomenclaturea,b T7 promoter

rNiVnoG-mCherry-P2A-M rNiVnoG-mChM [NiVMal] T7P-min (mCherry-P2A-M) TAATACGACTCACTATA
rNiV3G-mCherry-P2A-M rNiV3G-mChM [NiVMal] T7P-3G (mCherry-P2A-M) TAATACGACTCACTATAGGG
rNiVRbzA-mCherry-P2A-M rNiV-mChM [NiVMal] T7P-3G(�) 5= RbzA-(mCherry-P2A-M) TAATACGACTCACTATAGGGAGA
rNiVRbzF-mCherry-P2A-M rNiVRbzF-mChM [NiVMal] T7P-3G 5= RbzF-(mCherry-P2A-M) TAATACGACTCACTATAGGG
rNiVRbzA-mCherry-P2A-M: HeV-M rNiV-mChM-HeV-M [NiVMal] T7P-3G(�) 5= RbzA-(mCherry-

P2A-M)1-(M ¡ MHeV-Aus)
2

TAATACGACTCACTATAGGGAGA

rNiVRbzA-mCherry-P2A-M: HeV-F rNiV-mChM-HeV-F [NiVMal] T7P-3G(�) 5= RbzA-(mCherry-
P2A-M)1-(F ¡ FHeV-Aus)

2

TAATACGACTCACTATAGGGAGA

rNiVRbzA-mCherry-P2A-M: HeV-G rNiV-mChM-HeV-G [NiVMal] T7P-3G(�) 5= RbzA-(mCherry-
P2A-M)1-(G ¡ GHeV-Aus)

2

TAATACGACTCACTATAGGGAGA

rNiVRbzA-mCherry-P2A-M: HeV-F/G rNiV-mChM-HeV-F/G [NiVMal] T7P-3G(�) 5= RbzA-(mCherry-
P2A-M)1-(F/G ¡ F/GHeV-Aus)

2

TAATACGACTCACTATAGGGAGA

rNiVRbzA-mCherry-P2A-M: HeV-M/F/G rNiV-mChM-HeV-M/F/G [NiVMal] T7P-3G(�) 5= RbzA-(mCherry-
P2A-M)1-(M/F/G ¡ M/F/GHeV-Aus)

2

TAATACGACTCACTATAGGGAGA

rNiVRbzA-N_EGFP_P rNiV-EGFPNP [NiVMal] T7P-3G(�) 5= RbzA-(N_EGFP_P) TAATACGACTCACTATAGGGAGA
rNiVRbzA-N_Fluc_P rNiV-FlucNP [NiVMal] T7P-3G(�) 5= RbzA-(N_Fluc_P) TAATACGACTCACTATAGGGAGA
rHeVRbzA-mCherry-P2A-M rHeV-mChM [HeVAus] T7P-3G(�) 5=

RbzA-(mCherry-P2A-M)
TAATACGACTCACTATAGGGAGA

a The virus and strain (subscript; Mal, Malaysian; Aus, Australian) are given in square brackets, followed by the type of promoter, the type of 5=HHrbz, if any, and major features
(within parentheses). Where there is more than one feature, each is labeled with a superscript number. Within a feature, “-” indicates a direct connection (e.g., mCherry-P2A-M),
whereas “_” indicates the context (e.g., N_eGFP_P).
b T7P-min is the minimal T7 promoter without additional G’s to drive higher levels of transcription; T7P-3G has 3 additional G’s to drive higher levels of transcription; and T7P-3G(�)

has an additional AGA sequence that is part of the optimal T7 promoter.
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rNiV antigenomic construct (3.5 �g), codon-optimized T7 RNA poly-
merase (RNAP) in pCAGGS (1 �g), and the previously published support
plasmids (33) encoding NiV-N (1 �g), NiV-P (0.2 �g), and NiV-L (0.4
�g) by using the TransIT-LT1 transfection reagent (Mirus) according to
the manufacturer’s recommendations. After 4 days, syncytium formation
and expression of fluorescent reporter genes could be detected by micros-
copy. Supernatants were collected at 4 days posttransfection and were
stored at �80°C for subsequent preparation of virus stocks and determi-
nation of virus titers by plaque assays with Vero cells.

Virus growth kinetics. Cells in a 12-well format were infected at a
multiplicity of infection (MOI) of 0.1 or 1, and supernatants were col-
lected and replenished every 12 h postinfection (hpi). Samples were stored
at �80°C until the determination of viral titers by plaque assays with Vero
cells. The statistical significance of differences in virus growth kinetics was
determined by two-way analysis of variance (ANOVA), with Bonferroni
posttests to determine significance at each time point.

Immunofluorescence staining. HUVECs on coverslips were infected
at an MOI of 0.1. At 24 hpi, cells were fixed with 10% formalin for a
minimum of 24 h prior to removal from the BSL-4 laboratory. Samples
were washed 3 times with phosphate-buffered saline (PBS), incubated for
15 min in blocking buffer (0.5% saponin, 3% bovine serum albumin
[BSA] in PBS), and then incubated with Alexa Fluor 647 phalloidin (1:
250; Invitrogen) in blocking buffer. After 3 washes with 0.5% saponin in
PBS, samples were incubated with 4=,6-diamidino-2-phenylindole
(DAPI) to stain nuclei before mounting on slides. Confocal imaging was
performed on a Leica SP5 confocal microscope. The statistical significance
of differences in syncytium formation between HeV-G-bearing viruses
and non-HeV-G-bearing viruses was determined by one-way ANOVA
followed by a Tukey pairwise multiple-comparison test.

qPCR of transcriptional gradients. HUVECs were infected with wild-
type NiV or rNiV-mChM at an MOI of 0.1. RNA was isolated from TRIzol
(Invitrogen) samples collected 12 hpi. mRNAs were purified from total
RNA by using the Dynabeads mRNA purification kit (Invitrogen) and
were reverse transcribed into cDNA with oligo(dT) primers and the Tetro
cDNA synthesis kit (Bioline). qPCR using the SensiFAST SYBR & Fluo-
rescein kit (Bioline) was performed using gene-specific primers (se-
quences available on request), and standard curves for each gene were
generated by a shared serial dilution of the full-length rNiV plasmid.

Immunoblotting. For comparison of NiV-M and HeV-M budding,
the 3�FLAG-tagged codon-optimized matrix gene (37) in pCMV-
3Tag-1A (Agilent) was transfected into 293T cells with the BioT transfec-
tion reagent (Bioline) according to the manufacturer’s recommendations.
The medium was changed at 4 h posttransfection (hpt), and cell lysates
and supernatants were collected at 18 hpt. Supernatants were clarified and
ultracentrifuged through 20% sucrose at 145,000 � g for 1.5 h to pellet
virus-like particles. Samples in SDS Laemmli buffer were boiled and were
run on 10% Tris-glycine SDS-PAGE gels. Upon transfer to polyvinylidene
difluoride (PVDF) membranes (Immobilon-FL; Millipore), the mem-
branes were incubated in Odyssey blocking buffer (Li-Cor Biosciences)
overnight at 4°C; then they were incubated with mouse anti-FLAG anti-
body M2 (1:50,000; Stratagene) or a rabbit antibody against cytochrome c
oxidase subunit 4 isoform 1, mitochondrial (COX IV) (1:2,000; Li-Cor
Biosciences), for 1 h at room temperature, followed by a fluorescent sec-
ondary antibody (goat anti-mouse IRDye 800CW or goat anti-rabbit
IRDye 680LT [1:10,000; Li-Cor Biosciences]). Fluorescence images were
obtained on a Li-Cor Odyssey imaging system. The statistical significance
of differences in budding efficiency was determined by a 2-tailed paired
Student t test for 3 independent experiments.

In vivo imaging. Interferon alpha/beta receptor knockout (IFNAR
KO) mice (5 to 7 weeks old; 129/Sv background; obtained from the labo-
ratory colony of Slobodan Paessler at UTMB [38]) were utilized for bio-
luminescence imaging on an in vivo imaging system (IVIS) at BSL-4 con-
tainment. Prior to inoculation, mice were shaved to maximize detection
of the bioluminescent signal. Mice were anesthetized with 2% isoflurane
and were inoculated either with 8 � 105 PFU/100 �l/mouse of rNiV-

FlucNP via the intraperitoneal (i.p.) route or with 8 � 104 PFU/50 �l/
mouse via the intranasal (i.n.) route. Prior to imaging, mice were given
D-luciferin (Caliper) through the i.p. route (150 mg/kg). Bioluminescence
was measured using an IVIS Spectrum platform, which was equipped with
a charge-coupled device (CCD) camera system. Images were analyzed
with the Living Image software package, version 4.3.1. The acquisition
time was set to “auto” for each image, with f/stop fixed at F1, and medium
binning.

RESULTS
Improved henipavirus reverse genetics with an optimized self-
cleaving hammerhead ribozyme. Paramyxovirus rescue systems
typically incorporate a GGG sequence between the minimal T7
promoter and the 5= end of the antigenome, thus allowing rela-
tively efficient transcription by T7 polymerase yet impeding effi-
cient rescue, because the G’s must be lost from the genomic tran-
script to maintain the rule of six and the appropriate terminal
sequence. With the aim of improving the reliability and efficiency
of reverse genetics for use under relatively onerous BSL-4 condi-
tions, we evaluated whether the inclusion of a self-cleaving ham-
merhead ribozyme (HHrbz) at the 5= end of the antigenome
would increase rescue efficiency by providing the exact genomic
terminus required for efficient replication and thus allowing the
inclusion of the transcript-initiating GGG sequence in the optimal
T7 promoter. We modified and screened seven HHrbz motifs for
cleavage efficiency at the 5= end of the NiV antigenome (Fig. 1A).
RbzA represents a standard HHrbz, whereas the other HHrbzs are
thought to retain efficient cleavage at the low magnesium concen-
trations reflective of the intracellular environment (submillimolar
Mg2� concentrations). Using a reverse transcription-quantitative
PCR (qRT-PCR)-based assay to detect cleavage of RNA isolated
from transfected cells (Fig. 1B), we found that three ribozymes
(RbzD, RbzF, and RbzG) self-cleaved with an efficiency similar to,
or greater than, that of RbzA; of these, RbzF resulted in essentially
complete cleavage (Fig. 1C). Surprisingly, even RbzA, the stan-
dard HHrbz not optimized for low Mg2� conditions, resulted in
nearly 90% cleavage. We then chose to evaluate whether RbzA and
RbzF would improve the rescue efficiency of full-length recombi-
nant NiV.

We therefore constructed a full-length NiV cDNA (based on
the Malaysia strain) with a T7-driven antigenome flanked at the 3=
end by a hepatitis delta virus ribozyme, and we inserted an
mCherry fluorescent reporter upstream of the matrix protein (M)
gene, linked to M via a P2A ribosomal skipping sequence. As has
been suggested previously, incorporating the reporter as part of an
existing ORF may better preserve the natural polar transcriptional
gradient of the virus (39). Four versions of the full-length cDNA
were made, with either no additional G’s (T7min), 3 G’s (T73G),
RbzA [T73G(�) HHRbzA], or RbzF (T73G HHRbzF) following the
minimal T7 promoter (Fig. 1D). These constructs were individu-
ally cotransfected with the essential support plasmids [codon-op-
timized T7 polymerase and T7-driven NiV nucleoprotein (N),
phosphoprotein (P), and RNA-dependent RNA polymerase (L)]
into 293T cells. Determination of the titers of cell culture super-
natants collected 4 to 5 days posttransfection revealed that inclu-
sion of RbzA, and to a lesser extent RbzF, resulted in a �3-log
increase in rescue viral titers over those for constructs without an
HHrbz (Fig. 1D). We therefore chose to include RbzA in our fu-
ture reverse genetics constructs.

Our rescue system was robust, as evidenced by the fact that
�80% of the recombinant viruses we have successfully rescued
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FIG 1 Optimization of hammerhead ribozymes (HHrbzs) for the 5= end of the antigenome. (A) The sequence and structure of the two HHrbzs ultimately tested
in NiV rescue are shown, with the NiV antigenome in red boldface letters. RbzA is a standard HHrbz that has not been optimized for low Mg2� concentrations,
and RbzF is a modified version of an HHrbz optimized for low Mg2� concentrations. (Arrows indicate autocleavage sites; TL, tetraloop; TLR; tetraloop receptor.)
(B) Following transfection and RNA collection as described in Materials and Methods, qRT-PCR was performed to detect PCR product 1 (lost upon cleavage due
to lack of primer 1F binding) and PCR product 2 (always detected, regardless of HHrbz cleavage). The percentage of cleavage was determined as 100 � (product
2 � product 1)/product 2). T7p, T7 promoter; HDVrbz, hepatitis delta virus ribozyme; T7t, T7 terminator. (C) The NoG and 3G constructs appear completely
“cleaved” because they lack the HHrbz sequence that binds primer 1F. In contrast, A-dead, in which RbzA was rendered nonfunctional with a poison pill
mutation, displays a lack of cleavage. Overall expression was determined by normalizing PCR product 2 to the hamster glyceraldehyde-3-phosphate dehydro-
genase gene. Error bars represent standard deviations for 3 independent experiments. (D) rNiV-mChM full-length antigenomic constructs with different T7
promoters and ribozymes, as shown, were rescued as described in Materials and Methods. 3=le, 3= leader; 5=tr, 5= trailer. See Table 1 for an explanation of
differences in the T7 promoter. Supernatants were collected at 3, 4, and 5 days posttransfection (dpt) for subsequent determination of titers by plaque assays. No
viral titer was detected for any condition at 3 dpt, but titers were detected for the ribozyme-bearing constructs starting at 4 dpt. The lower limit of detection, 100
PFU/ml, is indicated by the dotted lines. The results of two representative independent experiments are shown in order to illustrate the reproducibility of our
rescue protocol.
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thus far in this study (Table 1) and previous work (see, e.g., refer-
ence 11) have been rescued on the first attempt (unpublished ob-
servations). Use of the codon-optimized T7-RNAP (T7opt) is
critical: it obviates the need for vaccinia virus-driven T7-RNAP,
which has unavoidable cytopathic effects, and it also removes the
cryptic splice sites present in bacteriophage-derived T7-RNAP.
This robust and efficient HHrbz-T7opt-based reverse genetics
system enabled us to more readily generate multiple recombinant
henipaviruses for studies on henipavirus replication and patho-
genesis.

Recombinant NiV-HeV chimeras reveal that the henipavirus
matrix and envelope proteins exhibit heterologous cross-com-
plementation. To determine if the viral envelope fusion (F) and
attachment (G) glycoproteins, as well as the matrix (M) protein,
contribute to the differences reported in NiV and HeV infections,
we generated a panel of chimeric henipaviruses in an isogenic
rNiVRbzA-mCherry-P2A-M (rNiV-mChM) background (Fig. 2A;
see Table 1 for additional details). We replaced the M, F, and G
genes in rNiV-mChM, singly or in combination, with their HeV
counterparts. In addition, we generated the full-length recombi-
nant HeV counterpart, rHeVRbzA-mCherry-P2A-M (rHeV-
mChM). All recombinant viruses were successfully rescued and
replicated well, albeit to differing degrees, in primary human neu-
ron/astrocyte cultures derived from fetal cortical neural stem cells
(hNSC-derived neurons/astrocytes), as well as in primary human
umbilical vein endothelial cells (HUVECs), plateauing at 36 to 48
hpi (Fig. 2B and C). As addressed further below, the recombinant
rNiV-mChM and rHeV-mChM were significantly attenuated in
comparison to the parental wild-type viruses (Fig. 2B and C, left).

The NiV and HeV F and G glycoproteins are known to func-
tionally cross-complement each other in cell-cell fusion assays and
viral pseudotype entry assays (23, 40), both of which require over-
expression of the F and G genes. Whether such heterotypic enve-
lope cross-complementation will occur in the context of a repli-
cation-competent virus has not been examined. Here, the efficient
replication of the chimeras rNiV-mChM-HeV-F and rNiV-
mChM-HeV-G (Fig. 2B and C, right) confirms that heterotypic
complementation occurs in a biologically relevant context. Inter-
estingly, we also found that the matrix proteins of NiV and HeV
can support functional incorporation of the heterotypic envelope
glycoproteins (rNiV-mChM-HeV-F/G and rNiV-mChM-HeV-M,
respectively) (Fig. 2B and C, right). Further highlighting the ge-
netic relatedness of NiV and HeV, the replication of rNiV-mChM-
HeV-M also demonstrates that HeV-M, in its role as the central
organizer of viral assembly and budding, can functionally inter-
face with the heterotypic NiV N-P-L replication complex.

HeV-M buds more efficiently than NiV-M. Unexpectedly, at
early time points (12 and 24 hpi) in both hNSC-derived neurons/
astrocytes and HUVECs (Fig. 2B and C, right), the chimeras bear-
ing either HeV-M or HeV-M/F/G replicated to significantly
higher titers than the parental virus rNiV-mChM or any of the
other chimeras lacking HeV-M. Quantitative Western blotting for
matrix in a virus-like particle budding assay indicated that HeV-M
buds about 2.5-fold more efficiently than NiV-M (Fig. 2D and E),
providing a potential explanation for the increased titers seen for
the HeV-M-bearing chimeras at early time points.

Fusogenicity is not a correlate of replicative fitness. Further-
more, our data show that the HeV-G-bearing viruses are less fu-
sogenic than their NiV-G-bearing counterparts. The presence of
HeV-G, whether in an rNiV-mChM chimera (constructs 4 to 6) or

in full-length recombinant HeV (rHeV-mChM; construct 7), re-
sulted in less syncytium formation at 24 hpi than in viruses that
expressed NiV-G (constructs 1 to 3) (Fig. 3A and B). In agreement
with this observation, both viruses bearing homotypic NiV-F/G
(constructs 1 and 2) exhibited more syncytium formation at 24
hpi than the viruses bearing homotypic HeV-F/G (constructs 5 to
7) (Fig. 3A and B). This differential fusogenicity was not an artifact
of the recombinant genetic background used, as evidenced by the
fact that nonrecombinant wild-type NiV also formed more nu-
merous syncytia than wild-type HeV during infection of the same
primary cell types (HUVECs) (data not shown). Yet despite this
apparently greater fusogenicity of the NiV-F/G-bearing viruses,
they plateaued at similar or lower titers than their isogenic HeV-
F/G-bearing counterparts, suggesting that fusogenicity is not a
correlate of replicative fitness, at least in vitro (Fig. 2B and C).

Insertion of an ORF between the N and P genes does not af-
fect the NiV transcriptional gradient. In our initial chimeric con-
structs, we inserted the mCherry ORF upstream of the matrix gene
via a P2A ribosomal skipping sequence to avoid disturbing the
natural polar transcriptional gradient. Indeed, our quantitative
comparison of viral mRNA transcripts upon infection with either
wild-type NiV or rNiV-mChM showed similar transcriptional gra-
dients: mRNA levels were stable for the first three genes (N, P, and
M) but decreased exponentially thereafter, about 3-fold for each
subsequent gene (Fig. 4A). The transcriptional gradient drop-off
for HeV also occurs right after the M gene (41). Despite the similar
transcriptional gradients for wild-type NiV and rNiV-mChM, we
observed that rNiV-mChM had slower replication kinetics in vitro,
in permissive cell lines, such as Vero cells (Fig. 4B), and in primary
human cells, such as hNSC-derived neurons/astrocytes and
HUVECs (Fig. 2B and C). Indeed, rHeV-mChM was similarly at-
tenuated compared to wild-type HeV on these primary human
cells.

While our mCherry-P2A-matrix reporter strategy was useful
in revealing the differential determinants of budding and fusoge-
nicity for NiV and HeV in isogenic comparisons in vitro, we
sought a reporter insertion strategy that would more closely reflect
wild-type NiV replication kinetics. We therefore rescued a recom-
binant NiV with EGFP inserted between the N and P genes, with
duplication of the N-to-P intergenic region (rNiV-EGFPNP) (Ta-
ble 1), a strategy similar to that reported by Yoneda et al. (36). The
transcriptional gradient of rNiV-EGFPNP was similar to that of
rNiV-mChM (Fig. 4A), but the in vitro growth of rNiV-EGFPNP

was now indistinguishable from that of wild-type NiV (Fig. 4B).
Fluc-expressing rNiV allows real-time monitoring of virus

replication and spread in the IFNAR KO mouse. To our knowl-
edge, henipavirus spread and pathogenesis has been examined
only in autopsy series or in serial sacrifice studies of experimen-
tally infected animals. To complement the future use of our NiV-
HeV chimeras for examining the pathogenic symptomology in
animal models, we generated a firefly luciferase (Fluc)-expressing
rNiV using the N-P intergenic insertion strategy described above
(rNiV-FlucNP) (Table 1). Viral expression of the nonsecreted Fluc
reporter would allow for real-time monitoring of biolumines-
cence at sites of viral replication. As expected, the growth of rNiV-
FlucNP was similar to that of wild-type NiV in HUVECs (Fig. 5A).
We then infected IFNAR KO mice (20) with rNiV-FlucNP and
monitored the spatial and temporal progression of viral replica-
tion, as presented in Fig. 5. Two groups of IFNAR KO mice (two
females and two males per group) were infected via the i.n. or i.p.
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route, respectively, and mice were imaged daily starting at 2 days
postinfection (dpi) using the in vivo imaging system (IVIS) at
BSL-4.

Intranasal inoculation resulted in viral replication primarily
confined to the upper respiratory tract (Fig. 5B). All peripheral

organs in the i.n.-infected group lacked luminescence signals
throughout the duration of the study, except for a transient, weak
signal in the spleens of three out of four mice at 4 dpi. Interest-
ingly, serial sacrifice studies of NiV-infected Syrian golden ham-
sters (19) also detected transient viral replication in the spleen.

FIG 2 Replication kinetics of rNiV-HeV chimeras reveals heterologous cross-complementation of henipavirus matrix and envelope proteins and demonstrates
that HeV-M buds more efficiently than NiV-M. (A) The parental rNiV-mChM construct and relevant rNiV-HeV chimeras generated and rescued in this study
are schematically diagramed. Genetic components from HeV are shaded. T7p, T7 promoter; 3=le, 3= leader; 5=tr, 5= trailer; T7t, T7 terminator. The arrowheads
indicate where the hammerhead ribozyme (HHRbz) and hepatitis delta virus ribozyme (HDVRbz) self-cleave. (B and C) hNSC-derived neurons/astrocytes (B) and
HUVECs (C) were infected with the indicated wild-type (wt) and recombinant viruses at an MOI of 0.1, and the growth kinetics were monitored as described in
Materials and Methods. Results of representative experiments are shown. Error bars represent standard deviations for triplicate samples. Two-way ANOVA
followed by Bonferroni posttests shows that both rNiV-mChM and rHeV-mChM are significantly attenuated compared to their respective wild-type parental
viruses (left) at 24 hpi in both hNSC-derived neurons/astrocytes and HUVECs (***, P � 0.001). The same analysis shows that both HeV-M-bearing chimeras
have significantly higher titers than all NiV-M-bearing rNiVs (right) at 24 hpi in both hNSC-derived neurons/astrocytes and HUVECs (***, P � 0.001). (D and
E) HeV-M buds more efficiently than NiV-M. (D) FLAG-tagged NiV-M and HeV-M were transfected into 293T cells. Eighteen hours posttransfection, cell lysates
(CL) and virus-like particles (VLP) in supernatants were collected and were Western blotted for the matrix protein (anti-FLAG) as described in Materials and
Methods. A representative comparison of NiV-M with HeV-M in CL and VLP is shown. COX IV was used as the cell lysate loading control. (E) For each
experiment, titrated NiV-M was transfected to determine a best-fit NiV-M budding curve of the relative amount of the matrix protein in CL (x variable) versus
the relative amount of the matrix protein in VLP (y variable), as determined by quantitative fluorescent Western blotting. In the same experiment, the relative
budding efficiency of HeV-M was determined by comparison to this best-fit NiV-M budding curve. The error bar represents the standard deviation for 3
independent experiments; the asterisk indicates a significant difference (P � 0.0265) by a 2-tailed paired Student t test.

FIG 3 Fusogenicity of recombinant NiV-HeV chimeras in infected HUVECs. Immunofluorescence imaging of syncytium formation in infected HUVECs shows
differential fusogenicity of recombinant NiV-HeV chimeras. (A) HUVECs on coverslips were infected with the indicated mCherry-expressing viruses at an MOI
of 0.1. At 24 h postinfection, coverslips were fixed in formalin and were stained with DAPI (blue) (for nuclei) and Alexa Fluor 647 phalloidin (green) (for F-actin).
Confocal z-stacks (magnification, �20) were obtained, and a representative extended-focus image for each virus is shown. Numbers below the images refer to the
diagrams in Fig. 2A. (B) Nuclei within syncytia (3 or more nuclei within an mCherry-positive cell) were counted in 4 independent fields (magnification, �40)
per virus. Error bars represent standard deviations. One-way ANOVA followed by a Tukey pairwise multiple-comparison test shows that all HeV-G-bearing
viruses form significantly fewer syncytia than all NiV-G-bearing viruses (P � 0.001).
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Bioluminescence remained confined to the oropharyngeal/orona-
sal areas at 3 to 5 dpi, including regions anatomically consistent
with the location of the major salivary glands. In mice, the bilateral
submandibular, sublingual, and parotid glands form a contiguous
structure across the anterior and lateral neck (42). Mice presented
with hunched posture at 6 and 7 dpi, consistent with biolumines-
cence signals observed in the central nervous system (CNS), but
half the mice survived until the end of the study at 21 dpi with no
overt symptoms.

In contrast, i.p. inoculation resulted in systemic infection by 2
dpi, as indicated by low levels of bioluminescence throughout the
main body cavity (Fig. 5C, bottom), with virus replication (biolu-
minescence) highest in the spleen (Fig. 5C, top). At 3 to 4 dpi, NiV
progressively spread to the lungs, the respiratory tract, and nasal
turbinates. By 5 to 6 dpi, increasing bioluminescence in the olfac-
tory bulb and invasion of the brain were obvious, coinciding with
the development of clinical signs of disease, such as hunched pos-
ture, hyperreflexia, lethargy, seizures, and ataxic behavior.

These results expand on the report by Dhondt et al. (20) by
providing evidence that even with i.p. infection in this animal
model, invasion of the brain may result at least in part from respi-
ratory transmission to the olfactory bulb. All i.p.-inoculated mice
developed robust infections and were euthanized between days 6
and 8 postinfection. Mice that were moribund after i.p. infection
exhibited luminescence signals in the upper respiratory tract (in-
cluding regions of the salivary glands) and urinary tract (kidneys
and bladder) (Fig. 5C, day 6, bottom), in agreement with pre-
sumed modes of henipavirus transmission via saliva and urine. Ex
vivo imaging of fresh, nonfixed whole brains from moribund mice
after i.p. infection revealed viral replication in the olfactory bulb,
olfactory tubercle, frontal cortex, and cerebellum (Fig. 5D). Cor-
onal brain slices further revealed bioluminescence signals in
deeper brain structures, such as the olfactory nucleus, anterior
commissure, nucleus accumbens, basal forebrain, and amygdala
nuclei (Fig. 5E).

Taken together, these data demonstrate the usefulness of Fluc-
expressing henipaviruses in enabling sensitive detection and iden-
tification of early replication sites, as well as monitoring of the
spread and development of disease, with the ultimate goal of iden-

tifying the molecular determinants of henipavirus-induced pneu-
monia and encephalitis.

DISCUSSION

Reverse genetics systems for Mononegavirales, or the viruses with
negative-sense, nonsegmented RNA genomes, have typically been
fraught with inefficiency (43), and BSL-4 conditions make their
use even more difficult. The addition of a hammerhead ribozyme
between the optimal T7 promoter and the 5= end of the anti-
genome has been shown to improve rescue for certain negative-
strand RNA viruses, such as rabies virus (44), and we demonstrate
here that this strategy also significantly improves rescue for heni-
paviruses. While Lo et al. (39) recently reported the rescue of NiV
by using an HHrbz, it is not clear whether (or by how much) the
inclusion of their HHrbz improves rescue, because no compara-
tive data on the rescue efficiencies achieved was reported. In light
of the known sequence-dependent efficiency of ribozyme cleavage
(45), we screened seven HHrbz designs, three of which cleaved at
efficiencies equivalent to, or better than, that of the “standard”
RbzA. These other HHrbz designs may be useful in a sequence-
dependent context for the rescue of other negative-sense RNA
viruses that require exact 5= and 3= termini.

Additionally, we also developed a one-step transfection proto-
col using a custom-designed codon-optimized T7 RNA polymer-
ase expression plasmid, rather than recombinant vaccinia virus, as
the source for T7 polymerase. A vaccinia virus-free rescue system
alleviates the cytopathic effect and other technical complications
associated with vaccinia virus infections, such as blind passaging
on vaccinia-virus-nonpermissive cells to isolate and/or purify the
recombinant paramyxovirus, while codon optimization of the
bacteriophage T7 gene significantly improves T7 expression and
viral rescue (46). Thus, our hammerhead ribozyme design strat-
egy, in combination with our codon-optimized T7 polymerase,
resulted in a highly efficient and robust rescue system that allowed
for the recovery of recombinant NiV and HeV directly from trans-
fected producer cells without the need for blind passaging or the
addition of permissive cells for amplification of the rescued virus.
These improvements are likely applicable not only to henipavirus

FIG 4 Insertion of an ORF between the N and P genes does not affect the NiV transcriptional gradient. (A) Wild-type (wt) and recombinant NiVs have similar
transcriptional gradients. HUVECs were infected with the indicated viruses at an MOI of 0.1, and RNA was isolated from samples collected at 24 hpi. mRNAs
were selectively purified using oligo(dT) magnetic beads. qRT-PCR was performed for the viral genes, and standard curves were generated by a shared serial
dilution of the full-length rNiV plasmid. Error bars represent standard deviations for 3 independent experiments. (B) Vero cells were infected with the indicated
viruses at an MOI of 1, and the growth kinetics were monitored as described in Materials and Methods. Error bars represent standard deviations for 3 replicates.
Two-way ANOVA followed by Bonferroni posttests was used to examine the significance of differences from wt NiV (*, P � 0.05; **, P � 0.01; ns, not significant).
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reverse genetics but also to the reverse genetics systems of other
paramyxoviruses.

As mentioned above, NiV and HeV exhibit differential tissue
tropisms and pathogenic characteristics. As a first step toward the
identification of the genetic determinants of these differences be-
tween NiV and HeV in the more biologically relevant context of
the live virus, we rescued an isogenic panel of rNiV-HeV chimeras
in which the NiV M, F, and G genes, singly and in combination,
were replaced with their HeV counterparts. All chimeras resulted
in efficiently replicating viruses, highlighting the phylogenetic re-
latedness of NiV and HeV. The ability of HeV-M to functionally
interface with the heterologous NiV N/P/L replication complex
and F/G envelope glycoproteins underscores a particularly close
genetic relationship between NiV and HeV, since such cross-com-
plementation of the matrix proteins of different paramyxovirus
species has generally not been examined. The M and F/H envelope
genes of the peste des petits ruminants virus have also shown to be
functional in the genetic background of a vaccine strain of rinder-
pest virus, a closely related morbillivirus (47); however, it was not
the intention of that study, which used a smaller set of chimeras, to
dissect the genetic determinants of budding or fusogenicity for the
two morbilliviruses.

In agreement with previous observations that HeV is slower to
form syncytia than NiV (18, 48, 49) and that HeV-G may bind
ephrin-B2 and -B3 less efficiently than NiV-G (23, 24), our results
show in the context of live recombinant virus infection that the
HeV-G (attachment) glycoprotein is less fusogenic than NiV-G:
all heterotypic and homotypic HeV-G-bearing chimeras (Fig. 3A
and B, constructs 4 to 7) form smaller and less numerous syncytia
than their isogenic heterotypic and homotypic NiV-G-bearing
counterparts (Fig. 3A and B, constructs 1 to 3). This decreased
fusogenicity associated with HeV-G (relative to NiV-G) might
contribute, in part, to observed differences in transmissibility or
tropism between HeV and NiV. We anticipate that future in vivo
experiments with firefly luciferase-expressing chimeras (see be-
low), including corresponding insertions of the NiV-M, -F and -G
genes into recombinant HeV, will shed further light on this ques-
tion. In addition, our results showing higher titers of HeV-M-
bearing viruses at early time points—particularly apparent in the
infections of primary hNSC-derived neurons/astrocytes (Fig.
2B)—are consistent with the faster dissemination of HeV in the
hamster model once infection has taken place (19).

Our reporter insertion strategy, linking the reporter to the ma-
trix gene via a P2A ribosomal sequence, maintained the natural

FIG 5 Fluc-expressing rNiV allows real-time monitoring of virus replication and spread in the IFNAR KO mouse. (A) HUVECs were infected with the indicated
viruses at an MOI of 0.1, and the growth kinetics were monitored as described in Materials and Methods. Error bars represent standard deviations for triplicate
samples. Two-way ANOVA revealed no significant difference between the two viruses (P � 0.05). (B and C) Groups of four IFNAR KO mice each were infected
with rNiV-FlucNP via the i.n. (8 � 104 PFU/animal) (B) or i.p. (8 � 105 PFU/animal) (C) route. Infected animals were imaged at the indicated time points as
described in Materials and Methods. One representative female mouse is shown for each inoculation route. The data are displayed as radiance (bioluminescence
intensity) on a rainbow log scale with a range of 1 � 105 (blue) to 1 � 106 (red) photons/s/cm2/steradian for the i.n.-infected mouse and 1 � 106 to 1 � 107

photons/s/cm2/steradian for the i.p.-infected mouse. Organs with positive bioluminescence signals are labeled as follows: Br, brain; Li, liver; Lu, lung; Ob,
olfactory bulb; Sg, salivary gland; Sp, spleen. (D) Ex vivo imaging of fresh brains from two moribund i.p.-infected mice at day 8 postinfection (identified as NiV
1 and NiV 2). BF, bright-field mode; BL, bioluminescence mode. Brain substructures with positive bioluminescence signals are labeled as follows: CBL,
cerebellum, lateral hemisphere; CBV, cerebellar vermis; FC, frontal cortex; OB, olfactory bulb; OlfT, olfactory tubercle; Pyr, pyramids. (E) Gross cross sections
were prepared from a fresh brain from a moribund i.p.-infected mouse at day 6 postinfection. Each numbered section in the panel on the left, showing the entire
brain, corresponds to a cross section in the panel on the right. Brain substructures with positive bioluminescence signals are labeled as follows: ac, anterior
commissure; A, amygdala nuclei; BF, basal forebrain; CB, cerebellum; NA, nucleus accumbens; OB, olfactory bulb; ON, olfactory nucleus.
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polar transcriptional gradient. Interestingly, the NiV mRNA gra-
dient resembled the previously published HeV gradient (41), with
the initial sharp attenuation in transcript levels occurring at the
M-F junction. Nevertheless, the wild-type transcriptional gradi-
ent observed for our initial rNiV-mChM infectious clone was in-
sufficient to confer wild-type replication (Fig. 2B and C and 4B).
Insertion of EGFP between the N and P genes, corresponding to
the first design described for NiV reverse genetics (36), also did
not affect the transcriptional gradient (Fig. 4A), but this recombi-
nant virus replicated similarly to wild-type NiV (Fig. 4B). There-
fore, transcriptional profiling by itself is not sufficient to predict
wild-type replication kinetics.

To evaluate our ability to monitor the spatial and temporal
progression of viral spread in vivo, we used a firefly luciferase-
expressing NiV in the recently established IFNAR KO mouse
model (20). Intraperitoneal and i.n. infections resulted in out-
comes that were consistent with the previous report by Dhondt et
al. (20), but real-time bioluminescence imaging shed light on the
dynamic processes of viral pathogenesis and transmission. The
observation of viral replication in the respiratory and urinary
tracts in moribund animals provides strong evidence for the pre-
sumed modes of henipavirus transmission via respiratory secre-
tions and urine. The spread of luminescence in i.p.-inoculated
mice suggested that despite systemic infection in the body cavity,
invasion of the brain might have followed viral spread to the re-
spiratory tract and subsequent infection of the olfactory bulb, per-
haps via aerosolized virus that infected olfactory receptors. While
it is possible that a breach of the blood-brain barrier was also
involved, the relative contributions of these mechanisms of CNS
invasion deserve further investigation. Intranasal infection, on the
other hand, resulted in viral spread that was limited to the upper
respiratory tract, and CNS invasion again appeared to follow rep-
lication in the olfactory bulb, likely from direct infection of olfac-
tory neurons as a result of the route of inoculation.

Our efficient and robust henipavirus reverse genetics system
will enable the generation of multiple reporter viruses that will
facilitate more-refined in vitro and in vivo studies of henipavirus
pathogenesis and spread than have been possible to date, as well as
the evaluation of vaccines and antivirals. For example, we have
designed other reporter-expressing viruses with their own unique
advantages for in vivo studies, such as an NiV with a secreted
Gaussia luciferase-P2A-EGFP dual-expression cassette that can be
used to monitor viral load directly in tissues by bioluminescence
imaging or indirectly by measuring Gaussia luciferase activity in
serum (11). Future in vivo studies with these reporter constructs
and recombinant henipavirus chimeras will not only reveal in-
sights into NiV and HeV pathogenesis but also open the door to
similar investigations into different NiV strains (e.g., the Malay-
sian strain versus the more diverse Bangladeshi strains, which also
appear to differ significantly in both epidemiological and experi-
mental contexts [50–52]) and newly discovered henipaviruses
(such as Cedar virus and the African bat henipavirus Gh-M74a
[4, 5]).
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